To characterize the morphological variation in a natural population of Drosophila mediopunctata, males were collected on three occasions at a single locality. From each wild-caught male 14 body measures were taken and the karyotype for inversions on chromosomes X and II was determined. Through a principal components analysis, two sources of variation, identified as size and shape, accounted for approximately 80 and 6 per cent of the total morphological variability, respectively. The shape component was determined primarily by variations in the position of the wing second longitudinal vein. Differences between collections were detected both for size and shape. An altitudinal dine was observed in respect of wing shape, although altitude explained only a small part of the shape variation. Size and shape were affected by chromosome II inversions. However, in respect of size, no direct differences were detected between karyotypes but a significant interaction between collecting date and karyotype was found. This suggests that karyotypes might differ in their norms of reaction in the field.
Introduction
Chromosome inversion polymorphisms in Drosophila are frequently maintained by selection and it is generally assumed that inversions represent coadapted gene complexes (Sperlich & Pfriem, 1986; Krimbas & Powell, 1992) . Similarly, morphology is also viewed as the result of a complex and integrated system.
Organisms are not mere collections of isolated traits, but the results of genetic, environmental and developmental constraints (Maynard Smith et al., 1985; Price & Langen, 1992) .
One approach to the study of integration at the morphological level is through the use of multivariate techniques to try to characterize variations in size and shape. The principal components analysis is a method that allows one to summarize the information of many account for most of the variation present in the original data. The first principal component (PC 1) is normally correlated positively with each measurement, indicating that it can be interpreted as an estimate of 'general size'. The second principal component (PC2) is usually a contrast between different measurements, indicating variations in shape (Marcus, 1990) .
In Drosophila, morphological studies are, generally, limited to a few characters analysed independently.
The presence of genetic variation in individual morphological traits within and between populations which are subject to temporal and spatial changes in their environment, has been demonstrated many times
The hypothesis that chromosome inversions and morphology may be correlated was first proposed by Stalker & Carson (1947) . Since then, a number of studies -using only one or two body measurements -have shown significant effects of chromosome inversions on morphological traits (Matzke & Druger, 1976; Garcia-Vazques & SanchezRefusta, 1989; Ruiz et a!., 1991; Hasson et al., 1992) . In some cases, however, no correlation was detected (Sokoloff, 1965) . Peixoto & Klaczko (1991) described inversion polymorphisms involving the chromosomes X and II in a natural population of Drosophila mediopunctata from Parque Nacional do Itatiaia in the states of Rio de Janeiro and Minas Gerais, Brazil. On the second chromosome they observed nine gene arrangements in the distal region (DA, DI, DP, DS, etc.) and nine in the proximal region (PAO, PBO, PCO, etc. ). There is a strong linkage disequilibrium between the inversions in these regions. The most common haplotypes in this population are DA-PAO, D1-PBO and DS-PCO (Table   1 ). An altitudinal dine and seasonal changes in these haplotype frequencies were observed (Peixoto & Klaczko, 1988 ).
The present report describes, in this same natural population, variations in size and shape assessed by unifactorial and multifactorial techniques. Variations along an altitudinal gradient and throughout the year were analysed. We also investigated the effect of chromosome II and X inversion karyotypes on morphology.
Materials and methods
The collections on which the present study is based were made in Parque Nacional do Itatiaia. This park (Barth, 1957 Drosophila mediopunctata males were brought to the laboratory and individually crossed to three virgin females of a homokaryotypic strain of known genetic composition (ITC-229ET). Male gene arrangements in chromosomes II and X were determined by the analysis of up to eight F1 larvae, ensuring that the probability of incorrect assignments was smaller than 1 per cent (Arnold, 1981 4 Eleven measurements between landmarks of the wing (OA, OB, OE, AB, AE, BC, BD, BE, CD, CE and DE; Fig. 1 ). These distances were chosen according to the truss box method (see Bookstein eta!., 1985 for detailed description and discussion).
We measured the thorax length under a stereomicroscope with an ocular micrometer. The right hind leg and the right wing were dissected and mounted on a slide in water and their landmarks were drawn using a camera lucida attached to a microscope. The Cartesian coordinates of the landmarks were then taken using a digitalizing pad connected to an AT microcomputer. This procedure allowed us to calculate the distances between any points. All the measurements were taken by the same person. Thorax length was measured in 1/40 mm units and leg and wing distances in 1/60 mm units. 
Results

Altitudinal variation
The analysis of the data from August shows that the first two principal components (Pci-A and PC2-A) account for 80 and 6 per cent of the total variation, respectively. PC i-A is highly correlated with all variables (Fig. 2a) , indicating that it is a good measure of size. PC2-A is a measure of shape and is primarily influenced by the distances BC and BD, to which it is highly correlated. Table 2 shows, for each measurement and PCi-A and PC 2-A, the means and correlations with altitude. All of the measurements of the distal quadrilateral of the wing (BC, BD, BE, CD, CE and DE) showed a significant correlation with altitude, while none of the remaining measurements showed a detectable correlation with altitude. This translates to a significant correlation for shape (PC2-A) but not for size (Pci-A). However, even for BD (which gives the largest coefficient of correlation, r = 0.25), only a small part of its variation can be explained by the altitude variation (approximately 6 per cent). , 1985) . Figure 2(b) shows the correlation between each of the measurements with PC1-T and H-T. Again, the results are very similar to those obtained from the August data (Fig. 2a) .
To test whether the differences among months and among karyotypes of chromosome II inversions were statistically significant we performed a two-way analysis of variance, with interaction between month and karyotypes, for each of the measurements as well as for PC1-T and H-T.
Since there were many possible karyotypes and some of them were very rare, they were pooled before carrying out the analysis. For chromosome II, we 4 homokaryotypes and heterokaryotypes formed by the reasonably frequent haplotypes; and 5 karyotypes that had one rare combination (e.g. DA-PBO) or rare arrangement (e.g. DA-PA8).
The ANOVA results are shown in Table 3 . The means per month, per karyotype, are given for PCi -T in Table  4 and for H-T in Table 5 .
The Genetical Society of Great Britain, Heredity, 75, 54-6 1. For all characters there was a significant month effect that can be attributed to differences in size and shape. The last column of Table 4 shows the means per month of PC1-T (size) and the result of the Tukey test: flies collected in March are significantly smaller than those collected in August or November. For shape (H-T) the flies from the three months showed different means (Table 5 ). These differences in size and shape are shown in Fig. 3 . Only for BC and BD was the effect of the karyotype significant at the 0.05 level. However, for all measures -except OA, BC, BD and CD -a significant interaction was found between karyotype and month. These results are reflected first in PC1-T (size) which, in spite of having no significant karyotype effect, does show a significant karyotype x month interaction. This interaction is easy to see in Fig. 4 , where the same karyotype (e.g. IV) may either be the largest or the smallest depending on the collecting month (March or November). In addition, the karyotype directly influences shape. The mean of group V is significantly different from those of groups I and II (Table 5 ).
For chromosome X we could not detect any inversion effect nor any interaction between inversion x month on the isolated characters, nor on the components obtained, or in a multifactorial analysis 
Discussion
The results obtained offer a picture of the major dimensions of morphometric variation in a natural population of Drosophila mediopunctata. The same pattern was observed both in the variation within a single month (PCA-A) and among months (PCA-T).
'General size' accounts for most of the variation: approximately 80 per cent. The second major source of variation represents, primarily, the contrast between BC and BD distances against other distances.
Since our results are highly influenced by wing measures (11 out of a total of 14), they compare best with studies that use only wing measurements. Studies of laboratory populations of D. melanogaster have yielded similar results. In respect of temperature effects, Alonso & Munoz (1984) , using two groups maintained at 25°C and 30°C, observed that although the second principal component essentially contrasted the distance AB (length) against BD and CD, the distance BC was not useful in indicating either size or form variation. Cavicchi et a!. (1978) performed an experiment on laboratory strains of D. melanogaster where one sample was maintained at 25 °C and the other at 28 °C. Nine dimensional characters of the wing were measured over six generations and the differences between the mean values were computed. They were different from zero for all characters, with the exception of BC and BD. We observed (Klaczko & BitnerMathé, 1990 ) that Drosophila's wings can be accurately described by an ellipse. We used this geometrical figure to compare variations in size and shape between wild-caught D. mediopunctata and their The Tukey test was used for contrasts among months and among karyotypes. Means with the same superscript are not significantly different.
The Genetical Society of Great Britain, Heredity, 75, 54-61. The Tukey test was used for contrasts among months and among karyotypes. Means with the same superscript are not significantly different. daughters raised in the laboratory at two different temperatures. Clear differences in size (inversely correlated with temperature) were found between these three populations. However, no significant variation in wing shape was detected. Unpublished data from this same study showed that although there are no differ-
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C, Fig. 4 Mean score on PC1-T ('general size') for the five second chromosome karyotype groups among wild males plotted for three months. Each line represents a different karyotype group (see Material and methods). PC1-T axis units are arbitrary. I, DA-PAO/DA-PAO; II, DA-PAO/ DI-PBO; Ill, the heterokaryotypes between DA-PAO and haplotypes which were mildly frequent (DS-PCO, DP-PCO, DV-PCO and DT-PC1); IV, the homokaryotypes and heterokaryotypes formed by the mildly frequent haplotypes; V, the karyotypes that contained rare haplotypes (for example DA-PBO or DA-PA8). kept at different temperatures. The influence of temperature changes on size variation has been extensively cited (Tantawy, 1964; Coyne & Beecham, 1987) .
The shape variation (independent of size) present between altitudes and months may reflect changes in the placement of the wing veins and not necessarily changes in its outline. Analysing the effect of chromosomal inversions, we observe only the direct effect of chromosome II inversions on the distances BC and BD. Group V, which accounts for haplotypes with rare inversion combinations (NB -there is a strong linkage disequilibrium between the proximal and distal regions), showed significant differences. This may perhaps indicate that these rare 'recombinants' are not very well coadapted.
With regard to size, which accounts for the largest part of the morphological variation, we did not detect any overall differences among karyotypes. However, we found overall differences between collecting dates and a strong interaction between karyotype and collecting date. In recent work with D. melanogaster, David et a!. (1994) demonstrated different reaction norms of size characters in relation to growth temperature among 10 genetically different isofemale lines. Santos et al. (1994) showed clear evidence of gene-environment interaction for the effect of body size on fitness.
In our case, it is not possible to identify clearly what is happening because some of the groups we formed were very heterogeneous. However, groups I and II, which are homogeneous (DA-PAO/DA-PAO and DA-PAO/DI-PBO, respectively), do show typical interactive behaviour (see Fig. 4 ). Lewontin (1974) stressed the importance of genotype-environment interaction and pointed out the erroneous conclusions that might be drawn if the interaction is ignored, particularly for estimates of heritability. Our results resemble figure 4. 1. b of his paper, if we assume that collecting date is a continuous environmental variable. There is an overall environment effect (flies collected in March are smallest) but no overall genotypic effect, because of the genotype-environment interaction.
As Lewontin (1974) remarked 'evidence on actual norms of reaction is very hard to come by', even though there are papers documenting the existence of genotype-environment interaction (see for example, for life-history traits: Tachida & Mukay, 1985; Etges, 1989; Van Delden & Kamping, 1991; and references cited by Lewontin, 1974) . 'This relative lack of empirical evidence for interactions' has led Sesardic (1993) to claim that norm of reaction is a misleading concept, although he conceded that it 'may be due to difficulties in designing the tests that could detect them'. Moreover, Sesardic criticized the traditional view of norm of reaction, where a genotype had to be tested in all possible environments, as a 'curious triumph of the possible over the actual'. Our results clearly show the presence of an actual genotype-environment interaction under natural conditions for the largest component of morphological variation. Moreover, they point to the necessity of studying reaction norms to understand the biological meaning of inversion chromosome polymorphisms.
